Acute myeloid leukemia (AML) is an aggressive disease with a poor 5-year survival of 21% that is characterized by the differentiation arrest of immature myeloid cells. For a rare subtype of AML (acute promyeloctyic leukemia, 5-10% of cases), all-trans retinoic acid therapy removes the differentiation block, yielding over a 90% cure rate. However, this treatment is not effective for the other 90-95% of AML patients, suggesting that new differentiation strategies are needed. Interestingly, differentiation is induced in normal hematopoietic cells through Toll-like receptor (TLR) stimulation and TLRs are expressed on AML cells. We present evidence that the TLR8 activation promotes AML differentiation and growth inhibition in a TLR8/MyD88/p38-dependent manner. We also show that that TLR7/TLR8 agonist, R848, considerably impairs the growth of human AML cells in immunodeficient mice. Our data suggests TLR8 activation has direct anti-leukemic effects independent of its immunomodulating properties that are currently under investigation for cancer therapy. Taken together, our results suggest that treatment with TLR8 agonists may be a promising new therapeutic strategy for AML.
INTRODUCTION
Acute myeloid leukemia (AML), the most common acute leukemia in adults, is characterized by an arrest of maturation and aggressive proliferation of immature myeloid progenitor cells. The current AML therapeutics, which target the rapidly dividing cells and not the proteins causing maturation arrest have poor efficacy and high toxicities. For example, only 20% of patients over the age of 56 survive two years. 1 Therefore there is an enormous unmet need for novel agents to improve the morbidity and mortality of these patients. Unfortunately even with these challenges, there has not been any change in the standard AML clinical agents in over 40 years.
By targeting the proteins that cause maturation arrest instead of trying to kill the rapidly dividing cells, a more efficacious and less toxic therapeutic regimen may be developed. AML differentiation can result in cells that are irreversibly growth arrested and eventually die without the necessity for overt cytotoxicity. In fact, all-trans retinoic acid is an AML differentiation agent that has revolutionized the treatment of acute promyelocytic leukemia (5-10% of AML), a subtype of AML expressing t (15:17) yielding the fusion protein PML/RAR, leading to the long-term survival and presumed cure of well over 85% of patients. 2 Unfortunately all-trans retinoic acid is not clinically useful for the other subtypes of AML. The enormous success of the differentiation therapy for acute promyelocytic leukemia has led to numerous efforts to identify other differentiation agents that may exhibit clinical benefit for non-acute promyelocytic leukemia. 3, 4 One pathway that is well known to lead to the differentiation of normal hematopoietic cells is Toll-like Receptor (TLR) signaling. TLRs are a key family of receptors linked to inflammation. 5 In humans, 13 TLRs have been identified that recognize pathogenassociated molecular patterns, leading to the induction of proinflammatory cytokines and an immune response. 6 Specific TLRs have been shown to respond to distinct pathogen-associated molecular patterns. For example TLR4 responds to bacterial lipopolysaccharide, TLR5 to flagellin and TLR9 to unmethylated bacterial DNA. 6 Most TLRs undergo defined signaling through predominantly MyD88-dependent pathways. 7 After ligand binding, TLRs dimerize and undergo conformational changes that lead to the recruitment of the adapter protein, Myd88. 7 Myd88 then recruits interleukin-1 (IL-1) receptor-associated kinases that lead to the activation of downstream signaling that involves mitogenassociated protein kinases and the transcription factors NF-κB and AP1. 7 Interestingly, previous studies suggest that there are shared signaling components between TLR signaling and AML differentiation pathways. For example, p38 isoforms potentiate vitamin D and hydroxyurea-mediated AML differentiation. 8, 9 Previous work suggested TLR stimulation may not drive AML differentiation, but several TLRs have been implicated in the normal hematopoietic cell differentiation. 10 For example, both TLR2 and TLR4 stimulation of normal hematopoietic cells promotes hematopoietic stem cell and myeloid progenitor differentiation. 5 In addition, TLR7/8 activation has been shown to drive CD34+ hematopoietic progenitor differentiation into macrophages and dendritic cell precursors.
11 AML cells are known to express a wide range of TLRs. 10 In addition, TLR stimulation of cells from other hematopoietic malignancies such as chronic lymphoid leukemia and multiple myeloma have been shown to modulate their growth and drug sensitivity. 12, 13 Finally, although TLR-mediated AML differentiation has not been reported, a variety of TLR agonists are being developed to promote anti-cancer effects through immunomodulation such as the activation of cytotoxic T-cell responses.
In this study, we tested the role of TLR activation in AML differentiation. We show that the TLR7/8 agonist R848 promotes AML differentiation in a TLR8/Myd88/p38-dependent fashion. As TLR8 agonists are being developed for clinical use, TLR8-targeted differentiation therapy offers a potential new strategy for AML treatment.
MATERIALS AND METHODS

Reagents and cells
R848, MyD88 knockdown constructs, and noble agar were from Sigma (St Louis, MO, USA). SB203580, PD08959 and SP600125 were obtained from Selleck Chem (Boston, MA, USA). MTT reagent was obtained in the CellTiter 96 Aqueous One Solution Cell Proliferation Assay (Promega, Madison, WI, USA). p-p38, MyD88, α-tubulin and actin antibodies were obtained from Cell Signaling Technologies (Beverly, MA, USA). GAPDH was from Santa Cruz (Carlsbad, CA, USA). CD11b and CD14 antibodies were obtained from eBiosciences (San Diego, CA, USA). Anti-IL-8 antibody was obtained from Abcam (Cambridge, MA, USA). OCI-AML3 was obtained from DSMZ (Braunschweig, Germany) and 293T, HCT116, HL60, THP1 and U937 cells were obtained from ATCC (Manassas, VA, USA). Primary AML human bone marrow cells were obtained from the Case Western Rreserve University Hematopoietic Stem Cell Core Facility (Cleveland, OH, USA). The cDNA for TLR8 was cloned into the pLVX-EF1alpha-IRES-mCherry vector obtained from Clontech (Mountain View, CA, USA).
Cell culture
Cells were cultured in RPMI 1640 media (Hyclone, Waltham, MA, USA). All media were supplemented with 10% fetal bovine serum and 1% penicillin and streptomycin. Cells were cultured in a humidified atmosphere of 95% (v/v) air and 5% (v/v) CO 2 at 37°C.
Differentiation
NBT reduction assay was performed as previously described. 19 Immunophenotyping was performed by staining cells with CD11b-PE or CD14-PE (eBiosciences). The stained samples were analyzed using an EpicsXL cytometer (Beckman Coulter, Brea, CA, USA). For morphology assessments, cell slides were prepped using cytospin and then stained with a standard Wright-Giemsa stain.
Cytokine array
Cytokine secretion was assessed using the Proteome Profiler Array: Human Cytokine Array Panel A (R & D Systems, Minneapolis MN, USA) as described by the manufacturer.
Microscope imaging
Slides were viewed using an EVOS XL core microscope (Life Technologies, Grand Island, NY, USA) with a × 100 oil objective. Images were taken at room temperature using the built in EVOS XL core camera and acquisition software. Pictures were changed to gray scale and modified for brightness using PowerPoint (Microsoft, Redman, WA, USA).
Colony assay
Cells were treated for at least 72 h with 25 μg/ml R848, the drug was washed away, and then an equal number of viable cells were suspended in 0.03% noble agar (Sigma). Cells were allowed to grow for one week and colonies were counted.
Proliferation assay
Equal numbers of HL60, THP1, OCI-AML3, HCT116 or 293T cells were plated and treated with 25 μg/ml R848 for at least 72 h. Cells were analyzed for proliferation using the CellTiter 96 Aqueous One Solution Cell Proliferation Assay (Promega) as recommended by the manufacturer using a Molecular Devices Spectramax M2 plate reader (Sunnyvale, CA, USA).
Transfections and lentivirus infections
293T cells were co-transfected with either shMyD88 or empty vector pLKO (Sigma) and the packaging plasmids pCMVR8.74 and pMD.G or VSVG using Turbofect (Thermo Fisher Pittsburgh PA, USA). AML cells were infected with the virus containing supernatant concentrated overnight in 12.5% polyethylene glycol in the presence of 6 μg/ml of polybrene and stable cell lines were generated by selection with puromycin (1 μg/ml).
Western blot analysis
Cells treated as indicated were washed with phosphate buffer saline, centrifuged and lysed with a Triton-X (Sigma) containing lysis buffer for whole cell extracts. Protein lysates (50 μg/lane) were resolved on appropriate sodium dodecyl sulfate polyacrylamide gel electrophoresis gel and transferred to polyvinylidene difluoride membrane (Millipore, Billerica, MA, USA) using Bio-Rad transfer apparatus (Bio-Rad, Hercules, CA, USA). The membranes were blocked, incubated with the indicated primary antibodies at 4°C overnight, and then the appropriate horseradish peroxidase-conjugated secondary antibodies. Immunoreactive protein bands were detected by enhanced chemiluminescence (Pierce, Waltham, MA, USA) using XAR-5 film (Sigma).
Mouse xenograft study
Six-week-old female Nod/SCID/IL2Rγ − / − (NSG) mice were injected bilaterally subcutaneously (sc) with 5 × 10 6 HL60 cells or 5 × 10 6 OCI-AML3 cells (N = 5 per treatment group). Drug treatment was started when tumors were palpable, one week after tumor cell injection. R848 (20 μg or 40 μg, approximately 0.65 mg/kg or 1.3 mg/kg) or vehicle (30 μl of dimethyl sulfoxide and 70 μl of water per phosphate buffer saline) were injected intraperitoneally (ip) 3 days a week for 3 weeks. Mouse tumor measurements were made at the indicated times after treatment was started. C57/BL6 mice were treated with R848 or vehicle intraperitoneally (ip) 3 days a week for 1 week using the same dosing as the NSG mouse study and then mouse blood was harvested and analyzed using a Drew Scientific Hemavet Hematology Analyzer (Dallas, TX, USA). The Case Western Reserve University Animal Research Committee approved all of the animal protocols used in this study.
Statistics
Figures are reported as means ± one standard error. P-values were obtained using a one-tailed student's t-test to compare differences in means.
RESULTS
R848 induces AML differentiation
In order to test if the activation of TLRs can induce AML differentiation, we screened a panel of TLR ligands on HL60 cells (M2 subtype, t(15;17) negative) using the nitrotetrazolium blue (NBT) reduction assay. The NBT assay is a test that is highly specific to and has been used extensively as a measure of functional myelomonocytic differentiation. [20] [21] [22] [23] The NBT reduction test measures the ability of cells to generate a respiratory burst, a function that is only present in differentiated cells. Although differentiation activity was not observed using TLR2 (Pam3Cys), TLR3 (PolyI:C), TLR4 (lipopolysaccharide), TLR5 (flagellin), imiquimod (TLR7) or TLR9 (CpG DNA) ligands (data not shown), stimulation with the prototypical TLR7/8 ligand, R848, was found to induce significant NBT reduction in HL60 cells, increasing the percentage of NBT positive cells from 1.5% untreated to 47% treated ( Figure 1a ). Besides NBT reduction, R848-mediated differentiation was further evidenced by immunophenotyping ( Figure 1b ) and morphology ( Figure 1c ). These assays not only confirm the induction of differentiation but also demonstrate that R848 induces monocytic differentiation as evidenced by the induction of the cell-surface markers CD11b and CD14. Although CD11b is induced by myelomonocytic differentiation, CD14 is a specific marker for monocytic differentiation. Clear morphologic monocytic differentiation is demonstrated by such features as condensed nuclei, increased cell size, abundant cytoplasm and vacuoles ( Figure 1c ). Primary patient samples were treated with R848 for at least 72 h and then lineage markers were assessed. All patients were tested for CD14 except for patient 1 (CD11b+) and with 25 μg/ml R848 except for patient 2 (10 μg/ml). Figures 1a and b) . Besides AML cell lines, R848 can also induce clear evidence of differentiation in non-promyelocytic primary AML patient samples (M2, M4 and M4Eo subtypes). Testing of primary samples is important, as many reported differentiation agents have been found to exhibit high activity only in cell lines. Of the six primary AML samples tested, R848 induced clear evidence of differentiation in five samples (Figure 1d ). Morphological changes are also observed in patient samples (Figure 1c and data not shown).
R848 induces terminal differentiation and inhibits AML proliferation
To assess the ability of R848 to affect leukemic cell growth, its effects on HL60, THP1 and OCI-AML3 cell proliferation were measured using the MTT assay. R848 led to 24%, 22% and 17% less growth of these three cell lines respectively as compared with untreated cells after 4 days, suggesting R848 is impairing leukemia cell proliferation (Figure 2a) .
To test if R848 is specifically impairing the growth of AML cells, the non-AML cell lines, HCT116 and 293T, were also treated with R848. HCT116 and 293T cells exhibited no statistically significant difference in growth, supporting R848-mediated growth inhibitory effects may have some specificity to AML cells (Figure 2b) .
In order for a differentiation-inducing compound to be clinically desirable, it must induce terminal differentiation. Terminally differentiated cells irreversibly lose their capacity to divide and therefore to cause disease. To assess for evidence of irreversible growth arrest, AML cells were treated with R848 for at least 72 h and the drug was washed away. The cells were then plated in soft agar and assessed for colony growth after 7 days. The R848 treatment led to a marked decrease in colony formation in all cell lines tested. We observed on average 42%, 25% and 15% colony formation for the HL60, OCI-AML3 and THP1 cell lines, respectively, as compared with untreated cells (Figure 2b ). This dramatic reduction in colony formation suggests a significant portion of cells have undergone terminal differentiation and have likely lost the capacity to divide and drive disease.
To further test the specificity of R848 effects on the colony formation of leukemic cells, colony assays were also performed using healthy hematopoietic progenitor cells from cord blood. Importantly, R848 did not cause statistically significant differences in colony formation using normal cord blood (Figure 2b ).
R848-driven differentiation is mediated through TLR8
In order to further explore the mechanisms through which R848 induces differentiation, we tested if the differentiation effects were mediated through TLR7 as R848 activates both TLR7 and TLR8 in human cells. While R848 induces differentiation, no increase in NBT reduction capacity was observed utilizing the TLR7-specific ligand, imiquimod, suggesting that TLR8 is the key mediator of the differentiation effects (data not shown). To further support a TLR8-driven differentiation mechanism, HL60, THP1 and OCI-AML3 cells were treated with VTX-2337. VTX-2337 is a potent TLR8-specific agonist currently in development. 24 Similar to R848, VTX-2337 promoted AML differentiation as measured by NBT reduction in HL60, THP1, and OCI-AML3 cells, supporting a TLR8-mediated pathway (Figure 3a) .
To further confirm the role of TLR8 in AML differentiation, we overexpressed TLR8 in HL60 and OCI-AML3 cells utilizing a TLR8-mcherry expression construct. The overexpression of TLR8 led to both an increase in the basal level of differentiation in HL60 cells as well as sensitized both HL60 and OCI-AML3 cells to R848-mediated differentiation as measured by immunophenotyping (Figure 3b) . On R848 treatment, we observed 55% and 30% CD11b expression in HL60 and OCI-AML3 cells overexpressing TLR8 as compared with 25% and 12% in HL60 and OCI-AML3 cells not overexpressing TLR8 (Figure 3b ).
R848-driven differentiation is mediated through MyD88
As the adapter protein, MyD88, is known to be an essential upstream mediator of TLR8 signaling pathways, we explored the role of this protein in R848-mediated differentiation. For this study we knocked down the expression of Myd88 in HL60 and OCI-AML3 cells using four different lentiviral shRNA constructs that led to varying levels of Myd88 knockdown (Figure 3c ). The Myd88 knockdown cells were treated with R848, and differentiation was assessed using the NBT assay. We observed a dramatic reduction in R848-mediated differentiation in the cell lines that had significantly reduced levels of Myd88. For example, the shMyD88-2 transfected HL60 cells exhibited 8% differentiation as compared with parental HL60 cells that exhibit 45% differentiation. (Figure 3d ) Similar results were observed in the OCI-AML3 line, yielding 5% differentiation of the shMyD88-2 transfected OCI-AML3 cells as compared with 22% in parental OCI-AML3 cells. (Figure 3d ). Importantly, even modest knockdown levels of MyD88 leads to impaired AML differentiation, suggesting this differentiation effect is highly dependent on MyD88. This study further confirms that R848-mediated AML differentiation is dependent upon the activation of TLR signaling as Myd88 is a necessary and relatively specific mediator of TLR signaling.
R848-driven differentiation is mediated through p38
In order to further elucidate mechanisms through which R848 induces AML differentiation, we investigated the role of down- OCI-AML3
Control shMyD88-1 shMyD88-2 shMyD88-4 Figure 3 . R848 promotes AML differentiation in a TLR8/MyD88/p38-dependent manner (a) VTX-2337 promotes AML differentiation. HL60, THP1 and OCI-AML3 were treated with 10 nM VTX-2337 for at least 72 h and assessed for differentiation by the NBT reduction assay. (b) TLR8 overexpression increases R848-driven increase of the CD11b lineage marker. HL60 cells and OCI-AML3 were transfected with a TLR8-mCherry plasmid and treated with R848. After at least 72 h, cells were stained for CD11b and gated based upon the presence or absence of mCherry. TLR8 overexpression yielded statistically significant differences in CD11b expression in untreated HL60 and treated HL60 and OCI-AML3 cells. * indicates P o 0.05 ** indicates P o0.01. (c) Myd88 knockdown in HL60 and OCI-AML3 cells. Cell lysate from the indicated cell lines was analyzed by western blot. (d) MyD88 knockdown impairs R848-mediated differentiation. The indicated cell lines were treated with R848 for at least 72 h and assessed for differentiation using NBT assay. shMyD88-1 and shMyD88-2 yielded statistically significant differences in NBT reduction on treatment in HL60 cells compared with the parental HL60 controls. The difference between shMyD88-3 and HL60 was not significant. shMyD88-1, shMyD88-2 and shMyD88-4 yield statistically significant differences in NBT reduction in OCI-AML3 cells as compared with an empty vector control. * indicates Po0.05 ** indicates P o0.01. (e) p38 inhibition impairs R848-mediated HL60 cell differentiation. HL60 cells were treated with 10 μM of SB203580 (p38), PD98059 (ERK1/2) or SP600125 (JNK) and/or R848 for at least 72 h and assessed for differentiation using the NBT assay. * indicates P o 0.05 ** indicates Po0.01. (f) R848 activates p38 in a MyD88-dependent manner in HL60 cells. The indicated cells were treated with R848 and assessed for p-P38 status over time by western blot. (g) R848 changes the cytokine secretion profile of HL60 cells. HL60 cells were treated with R848 for at least 72 h and cytokines were analyzed using a human cytokine array. (h) R848-mediated differentiation of AML cell lines is not driven by IL-8. HL60 cells were treated with R848, anti-IL-8 neutralizing antibody (50 ng/ml), or both for at least 72 h and assessed by NBT assay.
stream mediators of TLR signaling. TLR ligands are known to activate the MAP kinase pathways, which are key regulators of cell growth, division and differentiation. 6, 7, 25 Utilizing chemical inhibitors for the ERK1/2, JNK and p38 kinases, we assessed changes in R848-mediated differentiation in the HL60 cells. Interestingly, we found that the p38 inhibitor, SB203580, significantly impaired differentiation induction in response to R848 as only 30% of HL60 cells can reduce NBT on R848 and SB203580 treatment compared with 52% on R848 treatment alone (Figure 3e ). p38 activation has been shown to promote differentiation in other malignancies, and our results suggest that it promotes R848-mediated AML differentiation. [26] [27] [28] Interestingly, ERK1/2 inhibition with PD08959 enhances R848-mediated differentiation exhibiting 83% NBT positive cells on R848 and PD08959 treatment versus 52% on R848 treatment alone, suggesting an appropriate balance of mitogen-associated protein kinases activation may be necessary for TLR-driven AML differentiation (Figure 3e ). R848 treatment of HL60 cells was found to activate p38 in a MyD88-dependent manner, suggesting that p38 is downstream of Myd88 in the TLR8-mediated AML differentiation pathway (Figure 3f ).
Cytokine signaling has been shown to promote AML differentiation. For example, CD44 stimulated AML differentiation is IL-8 dependent. 29 To assess changes in cytokine secretion, we treated HL60 cells with R848 and assessed cytokine secretion, observing a diverse change in cytokine profile on R848 treatment, including marked IL-8 induction (Figure 3g ). As IL-8 has been previously shown to promote differentiation, and p38 has been shown to promote IL-8 secretion, we tested if IL-8 secretion promoted R848-mediated AML differentiation. 29, 30 HL60 cells were treated with R848, anti-IL-8 neutralizing antibody, or a combination and assessed for differentiation. No change in NBT reduction capacity was observed between R848 and R848/anti-IL-8 treated cells, suggesting IL-8 does not play a role in R848-mediated AML differentiation (Figure 3h ). R848 demonstrates potent efficacy in an AML NSG mouse xenograft model To determine the in vivo activity of utilizing R848 for AML treatment, a mouse AML xenograft study was performed. As TLR7/8 agonists are known to promote immunomodulatory effects such as cytotoxic T-cell anti-tumor responses, we used severely immunodeficient mice (NSG) for this study. [15] [16] [17] As these mice lack mature B, T and NK cells and have multiple defects in the innate immune response, it is highly likely that tumor responses to R848 in this model are because of a direct anti- leukemic effect and not an inflammatory response. In addition, it is important to note that mouse cells do not respond to R848 through TLR8 signaling. 31 In this established tumor model, the HL60 and OCI-AML3 tumors in the R848-treated mice grew at a significantly reduced rate as compared with vehicle-treated mice (Figure 4a) . At the end of the treatment period, the HL60 tumors weighed 2.56 ± 0.68 g in the vehicle-treated mice compared with 0.45 ± 0.145 g for the high dose R848-treated mice and the OCI-AML3 tumors weighed 2.03 ± 0.24 g for vehicle-treated mice as compared with 0.81 ± 0.14 g for the R848-treated mice (Figure 4b) . Importantly, there were no obvious signs of toxicity from the dosing used suggesting that this therapeutic strategy may be safe and worthy of further development for AML.
To demonstrate the specificity of R848 for leukemic cells over normal hematopoietic cells in the in vivo setting, we treated wildtype C57/BL6 mice with R848 or vehicle for one week using the same dosing as the efficacy study. These mice demonstrated normal white blood cell counts (Figure 4d ).
DISCUSSION
Here we present the first evidence demonstrating TLR8 simulation induces AML differentiation, revealing a novel therapeutic strategy for AML, a disease for which novel approaches are urgently needed. TLRs are a family of proteins (TLR1-13) that play important roles in the immune system. 7 TLRs recognize broad pathogenassociated molecular patterns, activating signaling pathways leading to the induction of NF-κB and AP1 transcription factors and inflammation. 7 TLR stimulation is linked to normal hematopoietic differentiation. Specifically, TLR2 or TLR4 stimulation of normal hematopoietic cells drive hematopoietic stem cell and myeloid progenitor growth and differentiation, leading to increased myeloid cell counts, and TLR7/8 have been shown to drive CD34+ differentiation into macrophages and dendritic cell precursors. 5, 11 Although TLRs are expressed on AML cells, TLR stimulation previously has not been shown to promote AML differentiation. 10 Thus, our work suggests TLR8 stimulation may activate a novel AML differentiation pathway. In addition to demonstrating TLR8 can lead to AML differentiation in cell lines and primary patient samples, we also show that it impairs AML cell proliferation in vitro, colony growth, and in vivo tumor formation, suggesting R848-mediated differentiation effects impairs leukemic growth. Of note, while R848 induces only modest AML growth inhibition in vitro using proliferation assays, it leads to potent effects on colony formation and mouse tumor growth. These findings are likely because of the fact that AML cells typically undergo several rounds of division after differentiation is induced. For example, these results are very similar to the effects on AML proliferation mediated by all-trans retinoic acid, the prototypical AML differentiation agent. 19 The marked reduction in colony formation and impaired growth of AML tumors in mice at a subtoxic dose, suggests a potential clinical utility of a TLR8 agonist for leukemia therapy.
TLR stimulation has been previously proposed as an anti-cancer strategy as TLR stimulation activates immune cells to kill cancer cells. The major anti-cancer mechanism through which TLR agonists are thought to act is through T-cell activation. [15] [16] [17] In addition, TLR activation via bacterial products such as lipopolysaccaride has been shown to promote anti-tumor effects through cytokine induction.
18 TLR8, specifically, has been shown to downregulate regulatory T-cell function. 17 Our results demonstrate that TLR8 stimulation can exert direct anti-leukemia activity. We have shown R848 has anti-leukemic effects in severely immunodeficient NSG mice that lack T, B cells and NK cells. This study demonstrates R848's in vivo anti-leukemic activity does not require T cells and is likely not mediated by its immunomodulatory effects in this model. In immunocompetent individuals, TLR8 stimulation may lead to anti-leukemic activities through both direct and immunomodulatory effects that would likely complement each other. Importantly, our results suggest that R848 treatment does not impact the colony forming capacity of normal hematopoietic progenitor cells nor does it significantly modify white blood cell counts in control mice, suggesting R848 treatment is specifically driving AML differentiation with limited effects on normal cells (Figures 2b and 4d) . These results support developing TLR8 stimulation as an AML therapy.
We show that R848-mediated differentiation occurs through a TLR8, MyD88 and p38 dependent pathway. To demonstrate the direct role of TLR8 on AML cells, we overexpressed TLR8 in HL60 and OCI-AML3 cells and found that the HL60 cells overexpressing TLR8 exhibit significantly higher level of AML differentiation alone, and both HL60 and OCI-AML3 cells exhibit higher levels of AML differentiation upon R848 treatment. The increased level of differentiation after TLR8 transfection alone is expected as TLR8 overexpression leads to constitutive signaling. To further support the direct role of TLR8 in impacting AML differentiation, we explored the requirement of key components of its signaling pathway. The AML differentiation was found to be dependent upon a critical TLR adapter protein, MyD88, and at least partially dependent upon a downstream kinase p38. Interestingly, p38 activation has been linked to differentiation in several malignancies such as rhabdosarcoma, glioma, and colon carcinoma. [26] [27] [28] This p38-mediated effect may partially explain TLR8 specificity as although the TLRs all activate mitogenassociated protein kinases pathways, the extent and pattern of these activations vary. 25, 32 Though we have identified a novel direct anti-leukemia activity of R848 on AML cells, importantly TLR agonists are already widely in development for cancer therapy because of their immunomodulatory effects. For example, TLR7/8 ligands are currently being used topically to treat skin cancers and actinic keratosis. 14 The use of a cocktail of dead Streptococcus pyogenes and Serratia marcescens has been clinically used in sarcoma treatment as early as the 19th century which would lead to the activation of a multitude of cell surface and intracellular TLRs. 14, 18 Interestingly, there is a long history of clinical reports that support the role of TLR stimulation in specifically controlling AML. In total, approximately 100 spontaneous AML remissions have been reported, predominately associated with patients with infections or other inflammatory conditions. [33] [34] [35] [36] It was previously thought that an immune response against the leukemic cells led to these remissions. [33] [34] [35] [36] Though TLR stimulation leads to immune activation, our results suggest that in addition to these well-known and clinically relevant host-versus-leukemia effects, TLR8 activation can directly promote leukemia differentiation and growth inhibition. This finding provides a potential alternative or complementary mechanism for these cases of spontaneous AML remission. 14, 15, 17 In addition to our work, a previous study also probed TLR ligand-mediated differentiation, as well as TLR expression patterns in AML cell lines. 10 This group probed a small panel of TLR ligands (not including R848) and did not observe any evidence of AML differentiation. Consistent with this report, we did not identify AML differentiation effects by activating any TLR except for a TLR8-mediated effect, and this group did not test R848. They did test a small RNA ligand of the type that has been found to activate TLR7 and/or TLR8, however this type of stimuli is known to be a relatively weak inducer of TLR8 compared with R848. 37, 38 Though no evidence of differentiation was observed, they did demonstrate that TLRs, including TLR8, are widely expressed in AML cells. 10 Consistent with our findings, another study has also reported that a different TLR8 ligand (ssRNA40) leads to growth inhibition of a leukemia cell line, though no differentiation studies were performed. 39 Our work, as well as these previous studies, suggest that the TLR-mediated AML differentiation effects are likely only activated by a limited number of TLRs. Although we show R848-mediated differentiation was TLR8 dependent, we cannot rule out the possibility that co-stimulation of the TLR7 pathway also plays a role as TLR7 is also activated by R848. However, it should be noted that VTX-2337 also exhibited significant AML differentiation, and it is a TLR8-specific agonist without significant TLR7 activity.
In summary, here we present evidence that R848 treatment of AML cells can promote differentiation in a TLR8/MyD88/p38-dependent manner and exhibits strong anti-leukemia activity in a mouse model system, suggesting TLR8 stimulation may be a novel AML therapy. The same dosing we used for our mouse studies has been shown to cause no organ damage or major toxicities, with the major change noted by others being a shift in the hematopoietic profile towards the more myeloid cells, although our studies do not reveal such a shift in control mice. 32 As TLR7/8 ligands are currently used clinically as topical treatments for dermatological malignancies and are being tested as anti-cancer immune adjuvants in other settings, the clinical potential of these agents as anti-leukemic agents could be rapidly assessed.
